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Beryllium oxide, because of such properties as low density,
high melting point, and excellent thermal coiductivity is highly
regarded as a material for advanced radomes and electromagnetic
windows. The program involved an investigaticn of three forms of
beryllium oxide, monolithic beryllia ceramic, foam structures,
and structures reinforced with beryllia fibers.

The pyrolytic method was investigated as a means of preparing
dense beryllia and fibers of the oxide. Specifically, a chemical
vapor deposition process involving a reaction between a halide of
beryllium and water (hydro-pyrolytic reaction) and the pyrolysis
of an organic ndduct of beryllium were studied as means of prepar-
ing continuous deposits of beryllia. The vapor phase oxidation of
beryllium metal was also investigated as a process for preparing
beryllia fibers or whiskers.

The parameters of the dependent and independent variables
such as substrate temperature, flow rate, vaporization tempera-
tures, geometric factors, and source materials were studied for
both the chemical vapor deposition and the vapor phase oxidation
processes. |

Deposits of limited thickness were prepared by the hydro-
pyrolytic reactions involving oxygen donor systems such as either
water or nitrogen dioxide. For either system, evidence points

toward the fairly rapid attainment of equilibrium conditions
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wherein the depcesit of beryllia produced by the reactions is
eroded by the volatile non-mctallic oxides of the reactants or
products of the rcactions

Preliminary results indicated that adherent, dense, and
hard deposits of conceivebly unlimited thickness could be pre-
pared by the pyrolysis of a volatile organic adduct of beryllium.

Sporadic success was attained in growing beryllia fibers
by the vapor phase oxidation of beryllium metal. It was found
that the sensitivity of beryllium to free oxygen prevented the
direct use of the element. Oxygen donors such as water were
therefore also studied as source materials for the formation of
beryllia fibers.

This contract is a continuation of the work performed under

Contract NOw 63-0412c.
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FARRICATION OF DIRVLLIUM OXIDTE RARCHTS

EY PYROLYPIC DUPCSITION

I. Intrcduction

1.1 Purpose of the Proarnm

This program has been established to perform the following
tasks:

a) To design, construct, and medify when deemed necessary
experimental equipment for producing continuous deposits,
foam structures, and fibers or whiskers of beryllia.

b) To conduct research and development to permit deposition
of pyrolytic and filamentary forms of beryllia.

c) To prepare pyrolytic beryllia samples representative
of radome material.

d) To prepare composite structures consisting of fiber
reinforced fcam over-laid with a coating of pyrelytic
beryllia.

1.2 resent Status

This report summarizes the work performed on the subject

Contract NOw 64-0512f during the period 28 May 1964 to 1 June

1965.

Task (a) given above has been essentially completed in

that equipment redesign and modification has been completed when-

ever experimental results dictated the necessity of change in

order to achieve the next higher plateau of success with respect

to continuous or fibrous deposits.
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Extensive experiments have lcd to success on Task (b) in
that laboratory techniques were cstablished which permitted
tne preparation of reprcducible ceatings of pyrolytic berillia.
However, additicnal ewperimentation is definitely required in
order to finalize the engineering parameters involved in pro-
ducing massive structures or cecatings on extensive surfaces.

In general, vapor phase oxidation of beryllium metal was
found to offer definite possibilities proveded adequate and pre-
cise control can be exercised for the oxidant.

In the relatively short periocd of study, only the principal
parameters could be rather precisely defined and additional
research is necessary to establish the relationships of those
parameter to one another and to permit translation of laboratory
findings into more advanced pilot equipment for monolithic
deposits and large gquantities of fibers.

Small samples consisting of sintered beryllia substrates
coated with an adherent deposit of pyrolytic BeO measuring
approximately .010 inches in thickness were prepared as part of
Task (c). Work was initiated on preparing a second type of sample
consisting of a foam substrate bearing a coating of pyrolytic
beryllia. Samples of a third type which are similar to the
second type except that a reinforced foam substrate is to be
used, were not prepared because the supply of reinforcing beryllié
fibers was inadequate. These samples should be forthcoming at

a later date and thereby permit us to complete the assigned tasks.




II. _funorimontnl
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It has besn the general practice of most investigators to
use, as the source moterial, a halide of the metal whose oxide
they are endeavoring to prepare by vapor phase reactions. This
selection is prompted by the fact that many metal halides in
the anhydrous condition exhibit appropriate vapor pressures at
temperatures significantly below their dissociation or decompo-
sition temperature. The chloride and bromide of beryllium are
two such compounds.

The anhydrous chloride or bromide can be prepared con-
veniently by passing anhydrous hydrogen chloride or bromide
respectively through a bed of beryllium metal chips maintained
at a temperature of approximately 600°C. At this vemperature
the compounds Vaporize and consequently fresh metal is con-
stantly exposed to the action of the reactive gases. The
anhydrous halides of beryllium are exceedingly hygroscopic
and therefore must be handled in a moisture-free atmosphere.

We circumvened this problem by preparing the respective halides
in loco so that they could be conducted directly from the re-
action vessel ﬁo the pyrolytic chamber.

Compounds other than the halides can be used to prepare
pyrolytic oxides. 1In general such source compounds are organic
adducts of the metal whose oxide is desired. Beryllium basic
formate was chosen as a source material because it, like other

formates, should decompose when heated to the proper temperature
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to yield pure beryllium oxide, thermally stable carbon monoxide,
and water. The ccapound was prepared by dissolving the basic
carbonate, which was obtained by treating a solution of beryllium
nitrate with ammonium carbamate, in concentrated (88%) formic
acid. B white granular product was prepared by pulverizing the
cake obtained after evaporating the basic formate solution at
approximately 110°C.

The water required to hydrolyze the beryllium halides in
the hydro-pyrolytic.reactions was prepared in loco by reducing
carbon dioxide with hydrogen. Other sources of oxygen such as
nitrogen dioxide were conveniently drawn from a cylinder of the
gas.

Substrate material in general was sintered beryllia ceramics
in the form of flat plates, crucibles, rods, cones, and tubes.
Other substrate material consisted of alumina ceramics, graphite,

and Vycor or Pyrex glass.

2.2 General Procedures

The apparatus used for producing continuous deposits of
beryllium oxide was based on consideration of the following

reactions where "X" is either the chloride or bromide ion:

Be + 2ZHX @ ~—~ww—ew- > BeXy; + Hz

co, t+H, -~-===> H,0 + CO

BeX, + 2HOH -~-=--- >  Be (OH)2 + 2HX
Be (OH)2 ------ > BeO + H,0

BeX, + NOj =====- > BeO + NOX

Be,O (cnoz)6 ------ >  4BeO + 6CO + 3320
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The experimental system used for either the hydro- or the
nitro- pyrolycic of the beryllium halides is shown schomatically
in Pigure 1. High purity coempressed gases were purchased from
the Matheson Co. vThe cylinders of gases were connected to the
pyrolysis or reaction chambor through a train consisting of a
tower containing a drying agent such as Drierite, calibrated
flow meters, ncedle valves, and a mixing chamber. Thus each
gas could be monitored and regulated to yield any desired
partial pressure in the reaction atmosphere. The oxidanis were
fed into the reaction chamber at either one of two entrances
so that either ron- or counter- current flow conditions «ould
be achieved.

Molybdenum wire-wound electric heater, controlled by vari-
able transformers and mcnitored by thermocouples and/or by
optical pyrometers, were used to indirectly heat the beryllium
converter cr the substrate object to the specified temperaturves.
Thus, the heaters were not used as the actual walls of either
item.

Substrate materials which were used consisted of beryllia
or alumina in the form of cylinders, rods, discs, plates, and
cones, The exit.gases were conducted to a burn-off nozzle through
a condenser partially filled withwater and glass beads.

This system, then, permitted experimenis o be performed
under a variety of controlled conditions such as

1) either beryllium chloride or beryllium bromide at

definite :
a) temperatures

b) flow rates
¢) concentrations
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2) oxidants in the form of water, carbon dioxide, or
nitrogen dioxide at specified
a) concentrations
b) flow rates

c) flow directions

3) substrates of alumina or beryllia to permit studies
of the effect of

a) temperature
b) geometry
c) material
d) surface
The system used for the pyrolysis of the basic formate
shown schematically in Figure 2. It will be noted that it
considerably less complex than that used to study the beryllium
lides. Since the compound can be volatilized and decomposed
thermal means, there is no neced for the auxiliary and reactive
ses and their associated entrance and exit ports.
The reaction chamber was connected to a vacuum pump through
tower packed with gliass wool. 1In géneral the tests were
de at a pressure of 2 to 10 mm of mercury. In a few of the
:$ts an argon carrier gas was used at atmospheric pressure.
me tests were also made with a small constant flow of air
irough the system. In the latter two cases, the gases were
mitored and controlled by low gauges and needle valves. These
ises were introduced into the system through an orifice in close
‘'oximity to the generator so that blending of the gases occurred
‘ior to their reaching the substrate. The substrate and
‘nerator were heated indirectly by means of molybdenum wire-

»and heaters which were controlled by variable transformers and

mitored by an optical pyrometer or thermocouples.
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The generator consisted of a three- picce 304 stainless
steel asscombly consisting of a threaded well with a mating joint
for accomnodnting a hocd which cculd be loched firmly to the
well by mcans of a threaded ring nut. A scrizs of hoods were
used, each of which was pierced with a definite and different
sized operiing. The generator was of sufficient size to hold
approximately two grams of the'pulverized basic formate. The
system therefore was operated on an intermittent basis.

This system permitted experiments to be performed with
beryllium basic formate as the source material under controlled
and varied conditions involving such factors as

1) substrate materials, geometry, and position

2) vaporization temperatures

3) degradation temperatures

4) atmosphere

The system used for the investigations of the vapor phase
oxidation of beryllium as a method of preparing beryllia
whiskers is shown schematically in Figure 3. 1In addition, a
horizontal molybdenum wound tube furnace was used in some of the
experiments. The unit shown in Figure 3 consists of a container
which can be evacuated and sealed from the atmosphere. This
container houses the reaction chamber proper which consists of
a molybdenum wire-wound heater surrounding a tube, the lower

half of which transmits heat to the crucible containing heryllium

metal, and the upper portion of which acts zs a condenser for

fibrous grcwth. These comporcnts were made from beryllia ceramics

in order to assure that any oxide fibers that were produced were

not those of any other metal. Temperatures were controlled and
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and monitored as mentioncd above.
various aimospheres consicting of argeon, argeon-air, argor-
water vapor, and other coxhinatiens were introducced into the
system threouch a prehoater cfiter posaing throuoch a walor vapor
gencrator and were essentially directed to flow through the
reactor~condenser tube. The oxidants and diluents were controlled
and monitored by means of flow gauges ard nccdle valves.
Provisions were made so that the non-aguzous gases could be
introcduced without or with the addition of water vapor; the
latter condition was achieved either by passing the gases through
the free space above the water or by bubbling them through the
liquid.
This system together with the horizoental tube furnace
permitted studies to be maie relative to such parameters as:
1) reaction temperature
2) atmospheres - cxidants and carrier gases, flow rate,
concentrations, pressures

3) source material - purity, physical form

III. RESULTS AND DISCUSSICH

3.1 Hydro-Pvyrolvtic Process

The experiments performed on this task were designed to
develop techniques and acquire fundamental data and information
which would define the problems associated with the hydro-pyro-
lytic method so that the ultimate objective of preparing radomes
could be realized.

The range of the experimental parameters investigated in this

task is given in Table I and a condensed description of the runs
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which were made is given in Summary Shoct No. 1A: Hydro-pyrolysis

of Beryllium Chloride-Experimontal Objectives, Condisiens, and

Obgservations.
TARLE 1
Range of Process Variables for Hydro-Pyrolysis of Beryllium
Chloride
Temperature - °C 1050-1550
Flow Rates liters/min.
HCL 0.01 - 0.1
co, 0.08 - 1.5
Hz 0-3 - 3.0
BeCl,y: H,O ratio 1:1.5 = 1:125
Time - Hours 0.5 = 3.0

The work performed on prior contracts had shown that the
hydro-pyrolysis of beryllium chloride to yield bery!lium oxide
involves a series of reacticn which are thermodynamically favor-
able in the range of 1000 to 1500°C. The primary object then of
the work performed during the reporting period was to define
the parameters involved so that process optimizatipobn could be
achieved.

As a guide in selecting significant experiments, the model
which we used encompassed the following concepts:

1) pyrolytic beryllia is derived from a highly reactive
beryllium hydroxide;

2) Since beryllium hydroxide is non-volatile at the operating
temperature, it must be formed at or in very close proximi
to the heated substrate;

3) the temperature of the chlorinator should be at least
50°C above the sublimation temperature of beryllium
chloride in order to maintain a reactive beryllium metal
surface;
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4) the available moisture content of the reactant should
be in excess in order to prevent the formation of ccmplex
oxy~chlorides;

5) the most important parameters include substrate tompera-
ture, reactant flcw rates and ccnoentrotions, substrate-
reactant delivery cystem relationchips, and time.

Beryllium chloride is exceedingly scnsitive to water and can
be easily hydrolyzed to the non=-volatile hydroxide. Premature form-
ation of the hydroxide would limit the quantity of this compound
which reaches the substrate to that which is mechanically transpor-
ted by an inert carrier gas. The efficiency of the process would
therefore be very low. In addition, the orderly deposition of the
oxide on the molecular scale which is characteristic of the true
pyrolytic process would not take place due to agglomeration of the
discrete particles during their travel through distances which are
orders of magnitude longer than their mean free path. It was found
therefore that the reactant delivery system should lead the
reactants or direct them to the substrate and in order to
prevent clogging of the delivery lines, the line used for the
beryllium chloride together with any inert carrier gas shoull
be separate from the delivery line used for the carbon-dioxide-
hydrogen mixture. An arrangement consisting of parallel delivery
lines with the nozzle of the beryllium chloride line terminating
closer to the substrate than that of the carbon dioxide line
proved more effective than systems involving simple introduction,
and hence diffuse conditions, of the reactants through ports
terminating at the reactor wall; counter-current flow conditions

involving either upward or downward movement of the separate
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recctants respootively; or a syston of congentric lincs whoreby
the reactants could ko £24 to the cvhotzato separately through
eithicr an inner or an outcer tuho. %o mojor problen enzoricnced
with the latter arrangooont wos thot clogging of the boeryllium
chloride delivery tule cocurred duo to baock diffusion of the
water regardless of whether this line were the inner or the outer
member of the conceontric syctem.

The flov rates of the recactants were found to be important
with respect to tezxture of thé deposit and its deposition rate.
At the one extreme of reactant movemznt equivalent to that pre-
sent during Jdiffusion, the deposit was hard and glass-~like bLut
of insignificant thicknesg; at the cppogite extreme of flow
velocities of the order of 3000 cm/min, the deposit was powdery
and non-adherent although of considerable initial thickness.

This would indicate that meaningful growth rates of deposits
exhibiting satisfactory properties could be achieved at low
rather than at high flow rates. This was verified by eiuperi-
mentation and it was found that flow velocities of the order of
100 - 300 cm/min. were satisfactory.

The relatiye concentrations of the reactants or their ratios
are important factors of the hydro-pyrolytic process. High con-
current concentrations of the components, BeCl, and H,0 yield a
light, fluffy non-adherent deposit. Stoichiometric quantities of
the reactants are not acceptable with respect to deposition rates
but the coating exhibits satisfactory properties. Other conditions

being equal, it was found that water must be present in excess =-
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its deletericus effcect is discusced below - and thaot a dynamic
mol ratio of 1 B2Cl, to 3 - 6 Hy0 fairly well defines the satis-
factory operating conditions.

In the intorcst of clarification, three factors will be
discussed collectively. In gencral, for a given set of conditions,
the amount of deposit as determined by its weight or thickness is
proportional to the duration of the run. This proportionality
exists over a certain temperature and moisture range. At tempera-
tures of the order of 900°C, the deposit is pc.ous and non-ceramic
in texture. Consequently, it can be removed from the substrate
merely by washing. In the temperature range of approximately 1000
to 1200°C, an adherent, dense deposit is obtained in thicknesses
depending upon the duration of the run. Bbove this temperature, one
obtains a dense compact deposit but its thickness remains at a
level of approximately 0.01C inches. Under the conditions which
were explored this limited thickness of the deposit is attributed
to an equilibrium reaction involving simultaneous deposition and
water vapor transport of the beryllia. At elevated temperatures,
the reaction between beryllium oxide and water vapor may actually
occur more rapidly than the deposition rate resulting in an actual
loss of materiél. This can be illustrated by the equation
BeO + H,0 <;::=> Be(OH), being driven to the right at elevated
temperatures and evidence of this etching action of water vapor at
approximately 1400°é is presented in the photomicrograph of Figure 4.

These observations led us to investigate compounds other
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its dclctcoriocus effect is discussed balew - and that a dynamic
mol ratio of 1 BeCly to 3 = 6 Hy0 fairly woll defines the satise
factory onerating conditions.

In tho intercst of clarificotion, throo factors will be
digscusscd collectively. In gencral, for a given set of conditions,
the amcunt of deposit azs determined by its weight or thickness is
proportional to the duration of the run. This proportionality
exists over a certain temperature and moisture range. At tempera-
tures of the order of 900°C, the deposit is porous and non-ceramic
in texture. Consequently, it can be removed from the substrate
merely by washing. In the temperature range of approximately 1000
to 1200°C, an adherent, dense deposit is obtained in thicknesses
depending upon the duration of the run. Above this temperature, one
obtains a dense compact deposit but its thickness remains at a
level of approximately 0.010 inches. Under the conditions which
were explored this limited thickness of the deposit is attributed
to an equilibrium reaction involving simultaneous deposition and
water vapor transport of the beryllia. At elevated temperatures,
the reaction between beryllium oxide and water vapor may actually
occur more rapidly than the deposition rate resulting in an actual
loss of materiél. This can be illustrated by the equation
BeO + Hy0 ¢zzz=> Be(OH), 'being driven to the right at elevated
temperatures and evidence of this etching action of water vapor at
approximately 1400°C is presented in the photomicrograph of Figure 4

These observations led us to investigate compounds other
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than water as the reoactant for converting the boeryllium halides
into beryllia. Those studlicen are discuzscd in the section

belowy.

3.2 pifime-lyrodssis of I

A number of substances other than water can ke used to
provide the oxygen required to convert the beryllium halides
into beryllium oxide by thermal means. Nitrogen dioxide, 110,
(actually a dimer) is such a compound. Various hypothetical
equations,all favorable thermodynamically, can be written for
the reactions between beryllium halides and this compound to
yield beryllium oxide at elcvated temperatures. These reactions
have been identified therefore as "nitro-pyrolytic" to
differentiate them from those in which water constitutes the
source of the oxygen for the formation of beryllia.

Further consideration and calculations show that the over-
all "uLitro" conversjion of beryllium to beryllium oxide via the
bromide is thermodynamically more favorable than via the
chloride. Since a high purity hydrogen bromide is as readily
available as the high purity hydrogen chloride, a series of
experiments were performed which involved bromination of beryllium
metal by means of gaseous hydrogen bromide and exposing the sub-
limed beryllium bromide at elevated temperatures to an atmosphere
containing nitrogen dioxide. The system used in this series of
experiments is shown schematically in Figure 1; the range of

the exper imental parameters which were investigated is given in

Table 2, and a tabulation of the pertinent conditions, objectives,
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and obscrvations is preseonted in Sumnmary Shoot Ho. 1B Nitre-

Pyrolyais of Beryllium Halides.

&)

Loiae  mm

Range of Proccss Variablen for HWitro-
Pyrolysis of Deryllium Dromide

Temperature - °C 1000 - 13°0
Flow Rates liters/min.

HBr 0.01 - 0.04

NO, 0.07 - 0.15

A 0.0 - 3.0

Hz 0.0 - 3.0
BeBry: NO, ratio 1:4 - 1.5:1

Time - hours 0.3 -1.0

Hydrogen was used as the carrier gas in approximately one-~
half of the experiments and argon was used in the remainder.

Experiments which did not involve hydrogen were of relatively
short duration, prirarily due to heater failure. Another
problem experienced with the utilization of beryllium bromide
as the source material was that of low yields of the compound
as determined by the amount of beryllium consumed when hydrogen
bromide gas was passed over the metal. The problem, however,
was regarded as of secondary concern since it probably could
have been solved by brominating at a higher temperature. This
expedient, however, was not investigated since a few experiments
indicated that other than a calculated thermodynamic advantage,
beryllium bromide showed no decided superiority over beryllium
chloride.

A few experiments were therefore conducted on the nitro-

pyrolysis of beryllium chloride. The range of process para-



| ~15=

meters covercd in the study is shown in Table 3.

TATIT 3
S A LB ¢ e A —

Range of PFroceos Varicbles for Nitro-
Pyrolysis of Doryllivam Chloride

Temporaoture ¢ 1250 - 1475
Flow Rates litcrs/min
EC1 0.02 - 0.04
NO, 0.10 - 0.15
HZ 3.0
BeCly: ‘N0, ratio 1:4 - 1:2
Time - Hours 1l

The above experiments together with those performed using
beryllium bromide as the scurce material demonstrated that

oxides other than water could ke used to provide th2 oxygen
for the conversion of beryllium halides to beryllium oxide and
in this manner one cculd circumvent the devastating etching
action and vapor transport of the beryllia deposit when water
is one of the reactants.

It was also realized that modification of the heating
svstem would be required if an inert gas such as argon were
to be used instead of hydrogen in the nitro-pyrolysis system.
This definitely would have been done were it not for the fact
that concomitant with carrying out experiments on the nitro-
pyrolysis of the halides, studies were made on using organic
adducts of beryllium as the source material. Preliminary
investigations appeared exceedingly promising and consequently
the total effort was directed toward the use of such compounds
in place of the halides. The experiments involving the basic
formate are described in the next section.

-

3.3 Pyrolysis of Beryllium Basic Formate




The golcetion of korylliunm bosic formate as the scurce
raterial woo basced on the knocwledge that its doccupesition
products ghould not contaminate the borylliun ciiide dorived
therefrem with corbonacocus katerial. Purthzarmore the
reaction praducts should contain a minimum quantity of water
of constant amount and since it would be diluted with other
gaseous products the water vapor transport mechanism might
be restrictecd to a very minor role.

A schematic of the apparatus used for the pyrolysis of
the organic adduct of beryllium - beryllium basic formate -
is shown in Figure 2.

A condensation of the experimental runs which were made
is given in Summary Sheet No.. 2, Pyrolysis of Beryllium
Basic Formatc and the range of the parameters investigated is

given in Table 4.

TABLE 4

Range of Process Variables for Pyrolysis of
Beryllium Basic Formate.

Sublimation Temperature °C 165 - 330
Substrate Temperature °C 400 - 1250
Time at Temperature - hrs. 0.25 - 3,0

Substrate Material--Ceramic BeO, Al,03: glass;
metul, graphite
Substrate Shape--Flat plates, rods, tubes, cones
A few preliminary experiments established the sublimation
temperature of the basic formate as 175°C at a pressure of
approximately 5 mm. To allow for slight variation in pressure

a temperature of 185°C was normally regarded as the point at

which an adequate sublimation rate occurred.
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Most investigators have found that the preparatior of
pyrolytic materials rcguircs temperatures above 1000°C. Our
prior expericnce had demonstrated that the hydro- or nitro-
pyrolytic reaction yiclded dense bcoryllia materials only at
temperatures above approximately 1100 °C. Our initial tempera-
ture range therefore for the pyrolysis of the basic formate
was equivalent to the values given above.

Experiments performed in this range showed that if pyrolysis
were to be achieved at temperatures of 1000 to 1250°C it would
be nécessary to confine the vapor path of the basic formate
so that it would floew through a very narrow channel surrounding
the substrate. Progressive constriction of the flow channel
to essentially compress the vapors tovard the substrate sur-
face was not instrumental with respect to the formation of an
adherent dense deposit c¢f BeO.

It should also be mentioned that at the temperature range
mentioned above, the formation of a satisfactory deposit was
not promoted by changing either the shape of the substrate or
its distance from the orifice of the generator.

In the next secries of experiments. the substrate temperature
was systematically decreased by appropriate increments and it was
found that initiation of adherent, dense, and hard deposits were
obtained at temperatures below 650°C. This of course applies only
to the parameters of the system being used and consequently does

not mean that if another system wete used one would be restricted
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to a substrate terporature of the oxder of 650°C. Conceivably
weperaturcs would be used with succesg providing forced
or prossurized fler conditions wer2 usod tegether with an extremoly
sharp torperature ¢grediont.

Having establichced the working level for the tomperature of
the substrate the next series of experiments were directed toward
securing basic information on the effecct of vaporizaticn rate,
substrate gecometry and composition, nozzle-substrate relationships,
thermal decomposition range of the formate, effect of multiple
deposits on adherence, and reproducibility of the operating
characteristics of the system.

Observations made during the early runs pointed toward a
definite tendency for the basic formate vapors to seck an escape
route which would lead away from the hottest region of the sub-
strate. A confining tubular substrate was *herefore used in most
of the experiments so that the effectiveness of modifying any one
of the multiple variables involved could be followed.

Thermocouples placed at various locations along the axis of the
substrate showed that the deposition of pyrolytic BeO from the
formate occurred over a temperature range of 400 to 600°C. This
is several hunared degrees below the temperature used in most
pyrolytic reactions and hence a patent application has been filed
on the low temperature process.

The low deposition temperature for the pyrolytic BeO pre-

pared from the basic formate offers a distinct advantage
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in that it Bignifieantly broodons tho €yoos of materials which
can be used as euvbstratces. Substrate nntaerial other than

ceramic B0 orx A1203 vna uwood An soen? of the runs, the objcetives
being to prepare drpesita which conld Lo vscd to positivaely
identify the material, to dcterwmine whother or not preferred
orientation was precsent, and possibly to improve the ceramographic
contrast betwecn the bkase and the cozting. »Adherence to Vycor
glass was rather poor, conceivably bocauce of the difference in
thermal expansion values of the two materials. Good adherence
was observed when soft glass, graphite and aluminum oxide were
used.

Initially, little success was rcalized in coating a plane
surface with a deposit of pyrolytic beryllia. In these investigations,
the substrate was mounted with a flat surface perpendicular to the
vapor stream. Almost without exception under this arrangement,
the major deposition cccurred on the wall of the chamber and the
vapors appeared to be channeled around the substrate as if it
were an obstacle. Changing the temperature or substrate-orifice
distance did not solve the problem.

The effect of temperature uniformity was studied by using
a small beryllia crucible as a self contained heater-substrate
assembly. The crucible was wound with resistance wire so that
its flat bottom would serve as a substrate which was heated by
conduction rather than radiation from the walls of the reaction
chamber. The crucible was placed essentially in the center of

the thrcat of a beryllia tube leading from and maintained at
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the tcuporature of tho genorator. 2Again, however, success was
not attaincd.

Other cuperimonts involving gubotiate geometry with recpoct
to thz cdogcz and protrugsions of a flat surface wore not succosse
ful. A study of the deposition pattern using a series of wires
which were suspended at various points in the vapor stream indica-
ted that plane surfaces of a substrate would be coated if the sub-
strate were oriented so that the surfaces were close to the orifice
of the generator and parallel to the vapor stream, rather than at
right angles to it. This observation was confirmed by successfully
coating graphite plates placed on end in the cavity of the reaction
chamber and slightly above the plane of the orifice of the generato

Success in coating an object of any geometry ranging from rods,
tubes, and flat or curved surfaces was attained by maintaining the
temperature of the substrate in the range of 400 to 600°C and
placing the substrate in the path of the vapors of the sublimed
beryllium basic formate. Test samples measuring approximately one
square inch in area were made by this process by coating ceramic

BeO plates with pyrolytic beryllia.

3.4 Properties of Pyrolytic BeO

X-ray analysis of the material laid down on a substrate of
Vycor showed that the deposit was BeO and that preferred orientatio
had not occurred.

The hardness of the pyrolytic deposit is compared with that of

a sintered BeO substrate in Table 5.
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TARTY §
Micrchardncss of Pyrolviic and
& X
Ceramic L0
Knopp valuzss = ¥g/ocg. mn, 100 cm lead

Pyrolytic -0 Corovde D0 Syhsbynic
1285 1250
1170 1460
1285 1100
1470 1320
1300 1150
Average 1300 1260

The microstructure of the deposit appecars to be extceedingly
fine grained. Polished surfaces do not rcvcal the presence of

grain boundaries at a magnification of €00¥. It should also be
mentioned that the normal columnar structure observéd in a
number of pyrolytic materials is not evident in the deposit as
prepared akhcve. Thus it would appear that the coating is built
from sub-micron sized particles which are fairly uniformily
deposited on the substrate surface.

As mentioned above the adlerence of pyrolytic BeO to
ceramic beryllia is excellent as measured qualitatively by a
scratch test or by heating a coated substrate rapidly to 1700°C.
The latter test promotes epitaxial grain growth at the deposit-

substrate junction showing the presence of an initial strong

bond.
3.5 Beryllia Fibers

A number of methods have been used to prepare fibers of
certain metal oxides. These include vapor transport, thermal
degradation of an appropriate volatile oxygen containing com-

pounds, and oxidation c¢f the metal.
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A revicw of pricr cunoaricnce indlcotcd that the vopor
phase oxidaticn of buryllivn motal offcred 2 likely mothiod of
preparing Lioryllia fiters.

A scuonntic of the filkor greving apparatus uwsed in a
nunker of wiparimonts is shown in Plgure 3. In addition, a
standard hich temperature tube furnace was available and was
used to broaden the opportunities Hr exploration of the
process.

These units permitted us to conduct a number of para-
metric studies embracing the ranges shown in Table 5.

TABLE 6

Range of Process Variables for Vapor Phase
Oxidation of Beryllium

Temperature - °C 1300-1650

Time at temperature - hrs 0.2-64

Carrier Gas - type-reducing (3H2-IN2)-Pure H,
1+ Flow Rate 1/min 2=-7

Flow Velocity cm/min. 75-600

A tabulation of the pertinent data of the experimental
runs is presented in Summary Sheet No. 3 Beryllia Fibers -
Experimental Objectives, Comditions, and Observations.

The fundamental objective of these experiments was to
define the conditions under which BeO fibers could be grown
from the metal at meaningful rates.

The principal factors involved in the studies were con~
cerned with the nature of the furnace atmosphere and its
effect on fiber growth.

Preliminary trials in which the beryllium metal contained

in BeO boats was placed in the hot zone of an aluminum oxide
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nuffle were not pronising in that grocs cxidation of the mctal
occurraed prior even to melling. This oxidation is attributed
to the fact that the alumina was significontly rceduced by the
hydrogen atmasphiore to yield an eicessive ancunt of the ouxidant,
namely, water. If£ a hich concontroticon of woator were proescont,
the beryllium metal would bz oxidized in all likelihoed before
it could vaporize.

A fairly dense graphite tubke was used in place of the
aluminum oxide muffle and two successful runs in which fibers
of BeO were produced seemed to indicate that the analysis of
the problem was correct and that the problem had been solved.
Thereafter, however, disappointingly small yields of fibers
occurred and the major deterrent to growth appeared to be
premature oxidation of the metal. Inspection of the graphite
tube after a few more runs revealed that it had a small crack
near the hot zone and conseguently moisture from the reaction
between hydrogen and the furnace ceramic materials could enter
the reaction chamber and oxidize the metal. This series of
experiments demonstrated that the composition of the atmosphere
of the reaction chamber was probably the most important para-
meter of the vapor phase oxidation process if fibers were to
be produced.

A 300 series stainless steel tube was then substituted
for the graphite tube. Although this replacement placed restrictions
on the upper level of the temperature which could be used, the
operating range for the stainless material was sufficiently

above the melting point of beryllium metal and permit a series
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of rmeaningful crporincats. Tuao fibor growth pattorn exparicnccd
akove with the grophite tube was duplicated with ¢he stainlezs
reaction chzmmor in that the quantity of fibers docrenscsd with
each succenssive run. Examinnticn of the tubsz rovealed that
gross grain growth had occurrcd as evidenced by rupture of the
grain boundarics. In all probability furnace molisture migratod
through the pores of the metal tube and oxidized the beryllium.
In passing it should be mentioned that the stainless material
was that designated as 310. Other series of course might not
exhibit this almost catastrophic grain growth in a hydrogen
atmosphere at temperatures above 1300°C.

The final series of experiments were runs in which a
reducing agent such as carbon was either blended directly with
the metal or spread as a blanket in order to conceivably pre-
vent the pre-oxidation of beryllium. This technique, however,
did not depress the oxidation of the metal sufficiently to
prevent oxidation prior to volatilization and consequently the
growth of fibers did not occur.

In conclusion, the vapor phase oxidation of beryllium
was found to be a reaction capable of yielding well-formed
fibers of beryilia under exact but as yet not completely
defined conditions. These conditions involve a delicate and
sharp maximum for the concentration or availability of an
oxidant. This is quite apparent by referring to Figure 5.
This shows two koats, both supposedly, but obviously, not

exposed with their initial contents to similar conditions since
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in one the growth of fibers is evidont without cnidation of the
parent metal whercns in the other or uppoer koat, thoe iuitial
granular matal hos hoen completely oxidisced to a white povder

without f£iboers koing formmead.

IV. CORCIUGTO" AU RROCSImIDART T

An analysis of the results obtainad during the pericd covered
by the contract have led to the following conclusions:

1) The hydro-pyrolysis of beryllium halides at the present time
is limited to the preparation of deposits of the order of 25 microns
in thickness due to the etching and vapor transport of beryllia by
water vapor.

2) Oxidants such as the oxides of nitrogen, and ozygen itself,
offer definite possibilities for the conversion of beryllium halides
into pyrolytic beryllia without deleterious side reactions such as
that experienced when water is used as the oxidant. Additional
experimentation is necessary in order to establish the parameters
of the process.

3) Pyrolytic deposits of dense, hard, and adherent beryllia
can be prepared by thermal decomposition of the volatile beryllium
basic formate at temperatures of 500°C and below.

4) The preparation of beryllia fibers via the vapor phase
oxidation of beryllium metal has been shown to be feasible.

We believe it in order to make the following recommendations

with respect to future programs involving pyrolytic beryllia

materials:




Additional studies arc dofinitely ncoded in order to coenfirm the
tentative conclusions and findings stated above with regard to
the utilizaticn of an crganic zdduct of beryllium as the source
material for the proparation of beryllium oxzide. Early confirma-
tion is anticipated however and the pregram should then be directed
towards establishing the parameters and degree of control which
must be exercised in orxder to capitalize on a low temperature
reaction.

The limited success experienced in growing beryllia fibers
by the vapor phase oxidation of beryllium metal definitely indi-
cates that the method is feasible. Experiments directed toward
pinpointing the precise conditions under which filamentary growth
rather than coatings occur should therefore be made at an early
date.

We believe that such a program will be highly successful and
permit the development of techniques which can be applied to the
preparation of useable hardware such as radomes, microwave windows,

re-entry structures and protective coatings for such devices.
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R DERCSTTICH FLOW FfE 1/ain,
e FURICOR Ko, SUTSTRATE TEMP. ©C HCL  H, CO, H,
'ect of tine &t 76 Cuter vwall of 1150 0.1 3 1.5 -
ire Ez0 erucible
‘eet of Ylondir: 77 P20 ddse 237 to 1060 c.04 3 0.08 -
1 clese to substiates vapor strorn
‘ect of temp. 78 like 77 1550 0.04 3 0.00 -
‘ect of B@Cl2 ccrnic., 79 like 77 1550 0.02 3 0.08 -
*ect of preblendinzg €0 like 77 1365 0.02 3 0.08 oo
} near substrate
un No. 80 gl see 77 - 0.02 2 1.0 1.0
a2 0.02 0.2 0.1 0.1
£3 0.02 0.2 0.1 0.1
84 0.02 0.5 0.1 0.1
85 0.02 1.5 0.1 0.1
fun No. &0 86 see 77 1350 c.01 2.0 0.1 0.1
Run FHo. 86 inc. 87 B0 disc 1350 0.02 2.0 0.1 .1
f preblending stm. 88 Karrow strip 1410 0.02 2.5 0.1 0.5
f flow rate 89 Blind tube 1400 0.10 2.5 0.5 0.5
f flow pattern 90 Blind tube 1450 0.02 2.5 0.1 0.5
bove 91 From sbove 1410 0.1 2.5 0.5 0.5
f atm. 92 Blind tube 1415 0.02 2.5 0.5 0.5
f HC1 conc. 93 From above 1450 0.01 2.5 0.5 0.5
f 002 conc. 94 From above 1440 0.01 2.5 1.0 0.5
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DTETOTNSIS OF TRILLI C
R ATENA Bt

DEPSIITICN

FLO4 RATE 1/min.

Ry

T, ©c FCL Hz (:o2 H2 e NI CALZ! Cus.
1150 0.1 3 1.5 - 4.0 150 0.1
1060 0.04 3 0.08 == 2.0 120 €0.005
1550 0.04 3 0.08 .- 0.8 105 0.03
1550 0.02 3 0.08 - l.1 165 0.015
1365 0.02 3 0.08 - 1.0 120 0.03

hadd 0002 2 1.0 lno ™ - -
0-02 002 Ool 0-1 - am -an -
0.02 0.2 001 Otl - e -~ e -
0002 005 Ool Ool - - -
0.02 1.5 0.1 0.1 - - an
1350 0.01 2.0 0.1 0.1 1.0 118 <0.01
1350 0.02 2.0 0.1 0.1 0.4 25 <o.01
1410 0.02 2.5 0.1 0.5 0.3 35 -
1400 0.10 205 005 0-5 - llo 0.01
1450 0.02 2‘5 001 0-5 - 60 004
1410 0.1 2.5 0.5 0.5 - 60 0.2
1415 0.02 2.5 0.5 0.5 - 60 0.1
1450 0.01 2.5 0.5 0.5 - 120 <0.02
-,
[0
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CONSULTD Cirn.

4.0

2.0

0.8
1.1

1.0

1.0

0.3

105

165

120

&

110

60

60
60
120
60

0.03
0.015

0.03

<0.01
<o.01

0.01
0.4

0.2
0.1
€0 .02

Depasit highly looolizod, £lelly

o adhzront € 1%
Sl. dcpialit ovir byl enlitestho

EaCl? ccze. o0 dow, bub doponid
is viry cozzth

CO2 flushzao cviztsate flrst, doponld
is coft.

Abortive rung - d2livery tuhss eloncd

Soft dopioll

Soft Aczosid » Cleosieg

ficnezadhnze ot ~r3it « Nocheeck gyotom
BeCl, frun Lothom
2 s W Ll

Heavy lccce deposit. co, ard BﬁClz
froa betten

BeCl, in freo botien, CO2 in frem top.
Fluf%y doposit, whisher grovth.

Firm derosit ca tip. Ko fibers
Heavier depcsit ca tip.
Ron-adberent deposit above hot zore

Non-adberent deposit
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R TR IR | IR SU" 3?:1”“, ,3. CC )
CotedXics Toor 2o 1l 20 Dice 1275 0
Effees ef T 2 E-0 Piste 1215 0
sifoet ef Atn., 3 Ez0 Plate 13580 0
Irprove cyoton 4 Bz0 Plate - 0
Irmrowe Byston 5 B20 Szunre 1000 0
Effeet el T, 6 20 FPectenzle 1100 0
E f@ct G’A !-\«,u.o 7 FI‘GIH 6 1300 0
Lecate deopositlcn zene 8 Bz20 Plate 1300 0
Effoct ¢f Loryiliva 9 From 8 1400 0
H

Effect of Eniida 10 From above 1400 0
Effect of F"’b.;.w»ﬁlﬂg atn, 11 Bz0 Plate 1250 0
Bffect of top. 12 From above 1475 ¢
Effact of flgv pottern 13 Rarrow strip 1420 0
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., €C
L275 0-03. 205 004‘. 000
1215 0.0, 2.5 0.1 0.5
L350 0.03 « 0.07 =
bl 0.0l 205 Ool 005
LO0O 0.0 2.5 0.1 0.5
L100 0.0¢ 1.0 0.13 0.5
L300 0.04 (2.5) 0.13 (0.5)
i, H,
L300 0.04 (2.5) 0.13 (0.5)
1400 0.0¢ (2.5) 0.13 (0.5)
HCl I, 10, B
L400 0.04 2.5 0.13 0.5
1250 0.04 2.5 0.13 0.5
L475 0.02 2.5 0.13 0.5
L420 0.02 2.5 0.13 0.5

X .

TLE AT

SUESTRAT

TiPeediinn,  CGALN=Gms TEATIS

0.1 20 0.01 Sl. glass

0.3 20 0.02 Hord crm=

- 30 0.001 HP voed 1

oelidation

- - - Heater gh

- 30 - Ko deposi

0.4 15 0.005 Heater fa

0.1 60 0.04 Ha to rex

- 60 0.001 Mo edhore

- 60 0.001 High dilu
reaction

0.6 60 0.005 EC1 gos
deposit

0.8 60 0.008 Counter=c

0.8 60 0.01 Deposit 1

0.4 60 - Hon-adhoa
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5 0.1 ) 0.0 Sl. glassy dencnit roted

5 0.3 20 0.02 Bard crysialidne craties

' - 30 0.001 H, uced in plocc of A to poovent
ciddation of hontar

5 - - - Heater sharted & failed

] - 30 - No deposit forncd

S 0.4 15 0.005 Heater failed, no deposit

5) 0.1 60 0.04 H, to replace A. I'o firm degposit

5) - 60 0.001 No edherent depssit. H, in place of A

5) - 60 0,001 High diluticn of HEr with H, provents
reaction

H

5 0.6 60 0.005 BCl gas to rcplace HEBr, Kenezdbhorent
depesit

'S 0.8 60 0.008 Countere-currant flow. Sl. deposit

5 0.8 60 0.01 Deposit like above

5 0.4 60 - Noneadherent deposilt



- RO - " ZPCSTIION GENERATOR e/
JECT - FURFCOE Xo. SUNSTRATE TEMP. ©C =, °C TENF. - 1
ish Paramstors 1l E&O(l) 1150 185-200 0.75
tsh Porcrotonn 2 From L 1050 185200 1.0
ish Poromsters 3 Fran 2 1200 195-210 0.5
teh Parameter 4 From 3 1100 175=-185 0.1
ish Parometors S From 4 500 185=200 0.5
ish Puramzters 6 From S 750 185-200 0.9
icnal flow 7 From 6 750 185«200 0.75
ional flcw 8 From 7 750 170-185 1.0
lon:s) flow 9 From 8 750 185=-200 1.5
ete Gecuotyy 10 Flat Plate 750 185=200 2.5
10 11 Flat Plate 800 185«~300 2.0
tor design 12 Flat Plate 735 185«210 2.0
12 13 Flat Plate 150 185-210 1.0
tor decign 14 Flat Plate 735 185-210 3.0
tor-Substrate 15 Flat surface 660 185-210 0.6
onship
- 15 16-19 Flat surface 650 185200 2.5
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EXPERTLIENTAL F

O

ERT_NO. 2 FYROLYSIS OF T

- RTIELT  T

R A A IS NS

DEPOSIRICH GELS ATOR TG AL GENERATOR FOL AT TSUBSTIATE
TEMP. °C T2, OC TEMP, = Hrs. CHARCE «0m3.  USED =CGmse. GAIN <Cos.
1150 185200 0.75 0.9 0.8 0.00
1050 185200 1.0 1.3 - 0.00
1200 195-210 0.5 1.0 0.95 -0.00
1100 175-185 0.1 1.4 0.03 0.00
500 185-200 0.5 0.75 0.5 0.00
750 185-200 0-9 009 0083 0'00
750 185-200 0.75 0.6 0.4 0.00
750 170-185 1.0 0.7 0.64 0.00
750 185-200 1.5 0.98 0.9 20.001
750 185-200 2.5 0.91 0.85 20.005
800 185-300 2.0 2.0 1.8 0.00
135 185-210 2.0 1.5 1.2 0.00
7% 185-210 1-0 1-9 lno O-OO
735 185-210 3.0 - - 0.00
ce 660 185-210 0.6 1.1 1.0 0.00
ce 650 185-200 2.5 0.35 0.33 > 0.005
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A SNANA AR AN

P
SRIima,

TERATOR  Fliuails
(ARGE «Cmn, USED «Gins.

G-AII“: ":,18 .
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a) ell runs rnde with vacuum of 2-3 mm.

GelVATIGS

o e

0.9

1.5

1.0

1.4

0.75

0.9

0.6

0.7

0.98

0.91

2.0

1.5

1.9

1.1l

0.35

AT,

0.8

-

0.85

0.03
0.5
0.83
0.4

0.64

1.8

1.2

1.0

1.0

0.33

0.00

0.00
0.00
0.00
0.00

0.00

20.001

)0.005

0.00

0.00

0.00

0.00

0.00

20.005

(l)Hcating coil inserted in RBeO tube.

No deposition occurred

Bo visible deposit

Ko deposit =« substrate lost
welght

Vapor cellimator used « no deposit
No deposit

Ko visible deposit

Formate reacted with copper line

Stainless steel single orifice
Generator - Lo deposit.

Seme as ehove « very sl. deposit

Flat plate used in plece of
curved surface
Definite cvidence of deposit

No evidence of deposit

Baffle design to channel vapors
No deposit

No derosit Forwmate questioned.

Aluminum shields

S1. evidence of deposit

Very sl. deposit
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PYROLYSIS OF pon

R DEFOSITICH T
CNILGT - PUnorTT D, SUNSTRATR mr._%C 7%
Scudy cffcet ¢f <opood- 20 [0 tub: 525-575 1£0-150
ticn tomoaratuno 3.6"2,375"z,25"
Varify eubotrate galn 21  Sco2 es 20 525-575 196-210
of run 20
Study effcct of davoail- 22 £20 tuba $25-575 205-215
tiocn tomperature &2 abova
Sseure dapoolt for 23  Vycor tuba 525-575 200-210
x-rey snalysis S0 x 9 x 7
Securs daposit for 24  Soft glese eat, 550 180-190
z-voy enalyois plate 1"x 1"
Study dapositicn 25 Al,0, disc $09-520 180-190
pastcra l.g éb % 0.06
Study ¢dapooitica 26  [20 cleced tubsz est. 600 200-220
pattorn &" x 0.3
Datarnind vaporication 27 D20 tube as i est. €00 185-225
rata run 20
Izprove esreconrephic 28 Al203 tube
contract, Study effect A 4"x,375" = ,25" est, 600 185-230
of substrate
Study naturg of multiple 28 a2 above est, €00 185-225
daposits B
c a8 above est, €20 185-215
D as above est, 60 185-225
e as above est. 600 185-215
| 4 as ghbove est, €00 185-225
Isprova care=cgrephic G an gbove est. 60 185-225
contrast
Study effect of time 30 Ba0 tubs as 590-610 185-225
at tomporature in run 29
Study effect of 31 Opposite eond
sublimaticn temporature A from abova 4680-490 155-165
B from abova 440-460 165-1790
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WATOR TUE AT CLLRERATOR FOUIWTE  SUSSTRATE REMARKS & COSERVA’

. *C TP, 175, CUAT YR8 USED-(15 CAIN-C5 2y all runs mndn with va

100 1.0 2.3 1.2 0.074 very hard donee daposit on s
conteet with gercrasor,

210 1.25 1.2 0.75 0.157 Bznsa hord doposit as azbove.
that of run 20,

215 3.0 1.1 0.74 0.137 Deposit similar to that note

<210 2.75 1.56 1.03 0.29 Deposit located approx. 1" e

crackad & leozely bonded., X

-190 1.0 1.14 0.54 - - Plate directly over and + to
of 009", HNo depcsit ever or
edharing deposit gway frem ¢

-190 1.0 1.57 0.90 0.02 Deposition pattern es above.
frem hottest zeono and docomp
Deposit fairly adbizreat,

-220 0.17 2.01 0.98 - - Abertive run, Substrate chi
of substrete in down positic

-225% 0.5 1.59 0.9%4 0,22 Eeavy daposit entending up t
used to press substrate agsi

-230 0.5 1.2 0.8 0.17 Cozxzents of run 27 apply,
-225 0.5 0.87 0.61 0.12 Deposit appears blanded witt
Weight gair indicgtes dapos:
-215 0.3 3.1 1.39 0.025 Hew lot of formate used, De
225 0.5 1.9 0.89 0.02 Abeve formate used agatin,
=215 1.0 0.69 0.2 0.05 Kew let of formate used, L«
~225 2.0 0.36 0.12 0.00 Above forwmate used. '
-225 2.5 1.2 0.9 0.22 Kew lot of forwate used., O

Cood sublimation, Weight g:

=225 2.0 1.38 1.13 0.30 Pirm, dease, hard, deposit
0.75" in substrate.

9.05 - - Sublimation rate exceadingl

"165 01
.0 0.05 - - Amount of sublimoticn very

-170

N

[y ¢ 2
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FOUIATE | SUosiid
USTID-C105  CATHar

1.2 0.C74 Vory hord doaoo doposit on suboovate et cres of
contoct wish govorator,

6.75 G.157 Denoe havd doponte 63 ebove. Wolight galn ewvice
that of run 20,

0.74 0.137 Deposit sinilar to that noted ebove,

1,03 0.20 Depooir lecated approx. 1" sbove goneretor, Appeers

e 2o
crackad & lceocely bonded, X-roy confiros L0,

0.54 - - Picte diractly evor and + to genorster orifice at distance
of 009". 1o depssit ever orifice. Ring pattern of
adhering dopesit awoy frem orifice,

0.90 0.02 Deposition pattern as above. Vopor temds to move away
frem hottest zona end decempoce-doposit at cooler zomes,
Deposit fairly adlizreat,

0.98 - - Abertive run, Substrate shiftcd during run, Closed end
of substrate in doun positien,

0.%94 0.22 Heavy deposit extending up tube for epprox. 0,75"., Yoke
used to press subotrate egainst gonerator,

0.8 0.17 Ccuzments of run 27 apply.
0.61 0.12 Daposit appears blended with that of run 27.
Weight gain indicates daporitien cccurred,
1.39 0.025 Now lot of formate used., Decomposition without de:osition.
0.89 0.02 Above forwmate used egain, " * "
0.23 0.05 New lot of formate used, Low sublimation & deposition,
0.12 0.00 Above formate used, " " " "
0.9 0.22 New lot of formate used, Opposite end of substrate uzed,

Gorl subliastion, Welght gain average,
1.13 0.30 Firm, dense, hard, deposit obtained entending up approx,
0.75" im substrate,

0.05 - - Sublimation rate exceedingly leu,
0.05 - - Amount of sublimstien very s=all,

C
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kovo 32 from run 31
bova 33 from run 32 450510 165-170 1.7
uate systen 34  B20 tube a3 in 640-6€0 165-170 2.0
run 20
bove 35 from rum 34 640-6CD 160-165 1.0
mino eublinaticn 36 pBcO tube 640-660 17¢-175 1.0
& ccastency tharcof A 0x7 x5

B fren ebove 640-6€0 165-170 1.0
bove 37 BcO tube 590-610 180-195 2.0

A &3 in run 36
ostructura gtudy b frem abave 550-610 1656-195 1,0

uste eyctom 38 EBzD tube 550-610 120-195 1.0
as in run 36

bova 39 B2O tuba 64£0-660 190-195 1.0
as in run 36

bove 49 from etovs 5%0-610 1¢0-195 1.0

ats taost 41 fraa above 560-610 190-195 1,0

ate toot 42 Be0 tuba as 560-610 190-195 0.5
in run 36

ate tast 43 from above 550-610 150-195 1.0

ate tost 44 from gbove 540-560 195-200 1.0

ate tast 45 BaO tuba $.0-560 180-195 1.0
a2 in ruas 36
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PrmetenTY (0 PROVILTIN £o0 0
pionenr TILTTL et

TR
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TR, 26

470-4380

4%0-510

640-6£0

640-660

640-6€9
640-660

590-610

590-610

590-610

640-660

590-610
590-610
590-610

590-6190
540-560
540-560

185-195

165-170

165-170

160-165

170-175

165-170

190-195

190-195

150-195

130-195

190-195
190-195

190-195

190-195
195-200

190-195

2.0

1.0

1.0

1.0

2.0

1.0

1.0

1.0

1.0
1.0

0.5

1.0
1.0

1.0

1.0

0.97

0.31

1.5
1.1

1.49

1.64

1.4

1.49

1.67
1.52
1.43

1.31
1.9%
1.67

L¥r

8) all
0.05 - - Abortive
consida
couple,
0.05 - - Coomentt
0.66 0.1 Thermoc
formad,
0,03 0.00 Re-run |
run 34 v
0.4 0.025 New lot
0.09 0.00 New lot
in run
0.75 0.12 Abortive¢
0.72 0.05 Slight ¢
parts;
1700°c,
0.6 0.12 Yoke use
resting
0.06 0.004 New lot
of seali
- - 0.04 Abortive
1.39 0,02 Formate
0.59 0.00 Formate
1,12 0.0083 Formate
1.62 0.12 Pirm, h
1.4 0.16 Firm, he



0.05
0.66

0.03

0.4

0.09

0.75

0.72

0.6

0.06

1.39
0.59

1.12
1.62

1.4

0.1

0.00

0.025

0.00

0.12

0.05

0.12

0.004

0.04
0.02

0.00

0.008
0.12

0.16

- R T M TR

2 of goocrotoer found vo be
h

e osloun,  Faulty thormo-

Abortive v,
conoicarably lous
couple,

Counzants ehbove apply.

Thermceouple inscrted in base of gonorctor, Deposit
formed,

Re-run to datermaine Lf waterisl in gon:

worater frem
run 34 will subliro - egcentially nono o

id,
lew lot of formate, low sublimation

Naw lot of formate is questicnable since sublimation
in run 36A exhausted matcrial,

Abortive vun, substrate shiftcd during ascombly,
Slight doposit forzed, CDopeonit gecticrnnd into three
pevts; one a8 ie, fire eone at 15306°C, five ono et

1700°¢C, Still leoss of vepors,

Yoke uscd to press subcirate egainst Teflea washar
resting ca genarator top., Dopecition normal,

New lot of formate, sublimatican poor. Refincment
of sazling technique,

Abortive run - seal machanien . iled.
Formate deccmposes without gubliming.

Formate decowpoces without subliming, Discard.

Formate decomposes withcut subliming,
¥irm, hord deposit obtained,

Firm, hard daposit obtained.

C
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V..o SUITIARY GUTET IO, 2 (cont'd) PYALLYSIS OF monvILINM RASI
RUN DEFCSITICN GENERATOR TIME AT

OBJECT - PURPOSE NO. SUBSTEATE TP, °C TEMP,°C  TENP, KRS,
Evaluzte Formate No. 7 46 Nzw E20 Tube 540-550 190-195 1.0
Evaluate Formate No. 9 47 New BeO Tube 540-550 150-195 1.0
Evaluate Formate Mix 7-8 L8 New Be0 Tube 540-550 145-150 1.0
Confirm iun 43 ac 190"C 49 Tube 46 540-550 190-200 1.0
Re-evaluate Formate No, 9 50 Tube 48 540-550 180-185 1.0
Study effect of Deposition 51 Tube 50 640-650 170-175 0.5
Temperature

Study cticct ol Deposition 52 Tube 45 660-670 170-175 1.0
Temperature -Time

Evaluiate reprocessed No. 1 53 Tube 47 640-650 190-195 1.0
Study Substrate Geometry 54 BeO Disc 540-550 180-200 .5
Study Generator-Substrate 55 BeO Crucible 600+ 200-220 0.5

Relationship

Study Substrate Geometry 56 BeO Crucible 590-600 200-220 0.5
Study Substrate Geometry 57 Be0O Crucible 530-600 200-220 0.5
Study Substrate Geometry 58 Disc 54 515-520 210-230 0.5
Study Substraie Gecmetry 59 Disc 54 515-520 210-230 0.5
Study Genzrator-Substrate

Relationship 60 B20 Wafer 495-500 210-230 0.5
Study Generator-Substrate

Relatlonship 61 BeO Crucible 590-600 165-170 0.5



EASTE FOTATE « [UT5

e g v e Cmy g e -
i, ,R\T..'.a, L“}‘SLY“J (J.}j«’,‘:f. IVL’SE

COULITICUS AUD OTSERVATIONS

AT

T
lmS .
e i

'

i

'

GERERATOR

CRAT-CYS __ USED-CHS

1.59

3.6

2.97

3.1
1.16
1.16

1.38

2,69

1.29

1.78

1.39

1.2

1.37

1.36

1.15

1.5

FORMATE

1,36

2.3

2,48

2.8
0.74
0.84

1.03

1.55

1.1

1.5

1.2

1.0

0.17

1.13

1.0

1.3

SUBSTRATE
GATN-CHS

REMARKS & OBSERVATICHS

a) _all runs made with vacuum of 2-3 mwm. ____

0.14

0.01

0.30

0.26
0.04
0.09

0.01

0.00

0.C0

0.15

0.13

0.11

0.03

0.10

0.12

0.00

& g I

Daposit approw. 4" above bottom
Formate No. 7 approved, Mix with No. B.

Reprocess Formate Ko. 9

Deposit approx. 4" above bottom,
Generator shiclded from substrate heater.
Mixture appears satisfactory.

Firm deposit. Mixture approved

No wvisible deposit. Reprocess,

Relatively low yield - see 49.

Yield decreased by increased in tempera-
ture - see 51,

Formate cannot be reprocessed by vacuum
baking.

Light, fluffy non-adherent deposit,

Good weight gain. Shows deposition In
semi-gealed chamber,

Abortive run - substrate moved,

Inner periphery bulL not bottom of
crucible was coated.

Disregerd, temperature control poor.

Similar to Run 54,

BeO wafer suspended in BeO tube,
No deposit on flat wafer,.

Generator inverted - dcwnward flow,
No deposit - Blockage of generator,

e o e “ S s o A bl 7 A U B S 1s e e



Yo. SURARY ST 19, 7 (eent'd) | PUDTINGIS OF PTIRYLLINL DASIC B
RUN DEFOSITIC TIME AT

CRICCT - PUNDony NO, SUDRSTRAEE TP, °C TLP, WS,
Study Gomovator-Subsizate 62 Ec0 Wafer 585-5%0 0.5
Relationship

Study Teoperatuse of 63 Be0 Crucible 475-480 190-200 1,75
Subscrate
Study Cecpoesition 64 Suspended Wire 525-535 220-240 0.7
Atea
Peternine Dopocition 65 Suspoended Wire 500-505 220-240 1.0
Atea
Datermine Dzrosition oh Multiple Wires 520-530 200-220 0.1
Area

Petersine Daposition 67 Wire Coil 520-530 220-240 0.3
Araa

Study Genorator-Substrate 68 Be0 Hafer 500-520 200-220 0.5
Relatioaship
Study Cancratcr-Substrate 9 Multiple Wafers 500-520 190-200 0.5
Relationship

Study Dapositicn Pattern 70-74 Graphite Wafers 500-520 190-200 0.5 ea.




I2T COTARTUNS, CUNTICHD 4TD COATIYATIONS

»

1.4

1.2

1.0

1.3

1.5

1-105

REVARYS & CUSEQVATICUS
£) el vena rate with vacura of 2-3 o,

3.%

1.2

1.0

0.8

1.1

1.3

0.9"1.3

0.04

0,11

0.06-0.1

Ref, Ko. (0., Conzrator-substrate clooor
togetlor,

Cruciblz Lzoter usad go that bottem corves
as substrcte., o deposit,

Wire ccated with firm deposit.,

Ref, Ko, 64, Wire moved 0.125 in., to center.
Wire coated with firm deposit,

Ref. No. 64. Radial arrangcment of wirce,
All coated.

Inner arca of coil coated.

Wafer cocted - Standing position.

Wafers caated on streen sida.

Pyrolytic BeO build-up for each run.

xrs .



V., . SUIZLRY SUTET U0, % DRAVLLIA FITTRS - EXPERIMTITAL
RUN FLGA
QLIELT - PUATINE NO. TIP, *C CHARGE-CT]  FINE.n) ATIL* PATE
Effect of Tcugorature A 1350 - - 0.5 3&2- M, 2 l/min
Effect of Temperature B 1550 - - 0.5 3tp- Np 2 1/min
Prevent premature 1 1570 0.47 0.5 3Hy- Nj 2 1l/min
Ouidation
Effect of Temperature 2 1650 0.38 0.5 3t~ Ny 2 i/min
Effect of Time 3 1650 0.49 16 3H2- Nz 2 1l/min
Effect of Time to 4 1630 0.44 0.5 3H2- N, 2 l/min
Temperature
Repeat of MNo. & 5 1620 0.42 0.5 3H2- N, 2 1/min
Effect of Container 6 1640 - - 0.6 3H,- N, 2 1/min
Contajner Study 7 1540 None 64 3H2- N, 2 1/min
Effect of Container 8 1640 0.36 0.6 3H,- N, 2 l/min
Effect of Atmosphere 9 1600 0.31 2 3H - Nz 2 1l/min
Study Fiber Growth in 10 1340 6.3 1.5 H 2.4 1/min
Non-ceramic Muffle 2
Repeat 10 - Effect of 11 1300 0.42 1.5 H, 2.4 1l/min
Temperature
Repeat 10 - Effect of 12 1300 0.37 1.5 H, 2.4 1l/min
Reducible Oxide
Repeat 10 - Compact Be 13 1320 0.53 1.5 H, 2.4 1l/min

into Disc




PERITIIUTLL ODIECTIVE

"
TS,

CCUDITICHS AND ODSERVATIONS

FLCTE vLlCd

[, * EATE VELOCITY UT, GAIN G, REMARKS

. NZ 2 Y/win 100 em/uin . . Pronounced aiidation of metal pouder.
Muffle - Porcus aluminum oxide tube,

- Ny 2 l/uin 100 cm/min - - Pronounced coiidation of metal powder,
Reaction chambar 2s above.

- Np 2 1l/min 400 cm/min 0.49 Light fiber grcwth present,

Very slight surface oxidation,
Grapnite reaction chamber.

- Np 2 1l/wuin 400 cm/min - - Substantial fiber growth,

- N, 2 l/win 400 cm/win - - Very few fibers present.

Metal not excessively oxidized.

- NZ ? i/min 400 cm/min 0.42 Boat & contents pushed directly into
hot zone in place of three stages as
above, Very few fibers present,
Reddish colorcd material noted.

- N, 2 l/min 400 cn/min 0.31 Graphite boat used,

Technique & obcervations as above,

- N, 2 l/min 400 cm/min -~ - Trace of fibers only., Metal darkened.

- N, 2 1/min 400 cm/min 0.54 Weight loss of BeO boat indicates
slow loss of matsrial due to vapor
transport.

- N, 2 l/win 400 cm/min 0.53 Molybdenum boat used. No fibers,

Nz 2 l/min 400 cm/min 0.3 Hydrogen used. Very few fibers.
2,4 1/min 600 cm/min - - 310 stainless steel to be used,
Small amount of wool formed.
2,4 1/min 600 cm/min - - Be melted, small amount of wool.
Compare with Ko. 23,
2.4 1/min 600 cm/min - - Be melted, fibers like above.
2.4 1/min 600 cm/min - Small fiber growth from surface

of disc.

X1 .



VII, SWIMARY SHEET 1O, 3

BORVLLIA FIDERS -

PR ORI
Y& L;x}u y

EXY

AN

RUN FLGW

IBIECT - PURTOLH NO, TEMP, °C CHARGE-CH TTi-1R, ATH, RATE

Study Effect of Flow 14 1475 0.39 0.5 3H2- H, 4.0 1/min

Rate and Dow Point,

A1203 Muffle

Study Effect of Tempera- 15 1635 0.44 2.0 3H_- N 2,0 1/min

ture and Dew Point 2 2

V.rv "emperature of 16 1525 0.27 1.5 3H2- N, 2.0 1/min

N i

Add sraphite to Prevent 17 1530 0.33 0.5 3H2- N, 2.0 1/min

Excessive Oxidation of Be

Vary Temperature of 18 1330 0.45 1.0 3H,- N 2,0 1/min
2 2

No. 15

Study Effect of 19 1500 0.4 0.8 H, 1.5 1/min

Atmosphere

Repeat No. 19 20 1450 0.36 1.2 H, 2.0 1/min

Study Fiber Growth 21 1575 1.0 0.2 3H2- N, 2.0 1/min

using Molybdenum Boat

Study Effect of Flow 22 1650 0.5 0.5 JH,- N 7.0 1/min
2 2

Rate

Compare with No. 11 23 1300 0.7 0.5 3H,- N, 2,0 1/min

Use Ccmpact of Be 24 1650 0.25 0.5 3H2- N2 2.0 1/min

Use Compact of Be 25 1650 0.5 16.0 3H2- NZ 2.0 /win

Effect of Time

* 3H2- N, indicates cracked amnc- ia.




- EXPIRTITENTAL OLINCTIVES, COIMITICNS 2UD ODAERVATIC!'S

FL3A FLOW

' RATE VELOCITY VT, GATH G4, RTINS

, 4,0 1/wmin 200 ca/vin - - Be completely cuidized at dew

' point of 13°F,

) 2.0 1/min 1C0 cm/min - - Be completely oxidized at dew

: point of 12°F,

) 2.0 1/min 100 cm/min - - Same as prior run,

2 2,0 1/min 100 cm/min - - Graphite did not prevent oxidation
of Be. Dew point - 18°F,

) 2,0 1/min 100 cm/min - - Be completely oxidized. Dew point
18°F.

1.5 1/uin 75 cm/min Slight growth Mosto® Be oxidized., Whisker growth
present, ©Dew point 9°F,
2.0 1/min 100 cw/min - - Be ccmpletely onidized. Dew

point 9°F.

2 2,0 1/min 100 ¢m/min - - Scme alloying between Be and Mo,

2 7.0 1/min 350 cm/min - . Be completely oxidized.
Dew point 20°F.

2 2.0 1/min 100 cm/min - - Be comnletely oxidized.
Dew point 18°F. Compare with Ne. 11,

2 2.0 1/min 100 cm/min  Slight growth Some fiber growth as observed in No. 13,
Dew point 20°F,

b 2.0 1/min 100 cm/mir  Slight growth Fibers equal to No. 24,

iX]

Most of Be oxidized,



V. T Coe 1 E LA FID R
Kun R Eale Ui ChAir 111
OLTECT - PUIRTOCE KO, oc Gr.. H:
Eateblish Poreocters 26 1365 Be 1.2 0.
Establish Parcooter e7 1500 Be 1.0 0.
Effect of tire 8 1500 Be 1.3 7.
Effect of 'I‘io2 29 1500 Be 0.8 2.
Effect of Time 30 1500 Be 1.3 3.
Effect of cxldsnt 3l 1425 Be 1.5 1.
Effect of oxidant 32 1500 Be 1.5 3.
Effect of oxlidant 33 1525 Be 1.3 2.
Repeat run 33 34 1500 Be 1.4 3.
Preheat Atm. 35 1350 Be 0.7 2
Effect of Texp. 36 1550 Be 1.0 2
Bffcct of Atm. 37 1500 Be 0.9 2
Effect of Atm. 38 1500 Be 1.1 2
Effect of Charge 39 1500 Be 2.5 2
Effect of Charge 40 1500 Be 1.0 2



QLA FIOIG | BSRRRLITNLGL GUVOT\VLS, CONTITION AN CURRVATICN

THERGE it FLOv /ATE FLO . VELOCTAY Wl Ghin

_Gre. Hr. AT, 1/uin C:/min G REMARKS

Be 1.3 0.75 H.. ¢ 100 - Be-Ti0. blen
melt

Be 1.0 0.3 H.» < 100 - Be-Ti0.tlend
formed. Be d

Be 1.3 7.0 Hp 2 100 - Fiberous gro
blend 10:1 w

Be 0.8 2.0 HZ 2 100 - No whiskers

Be 1.3 3.0 H? 2 100 - Very light g

Be 1.5 1.0 Hz 2 1¢0 - Be-TiOZ blemn
growth. Pre=

Be 1.5 3.0 Hz 2 100 - Be--TiO2 blen

Be 1.3 2.5 HZ 2 100 - Be-—TiO2 blenc
growth.

Be 1.4 3.5 Hz 2 100 - As above

Be 0.7 2 SHZ-N2 2 100 - Be-’l‘io2 blernx
of Be.

Be 1.0 2 3H,,=N, 2 100 - Be<T10, blen

2 ¢

growth’

Re 0 2 2 I‘“ z D Ab wLOVE

Be 1.1 2 Hz dried 2 100 - As sbove

Be 2.5 2 Hz dried 2 100 - As sbove

Be 1.0 2 Hz dried 2 100 - TiO2 layer ov
growth. Pre-

-,
=~




FLOV RATE FLO. VELOCLILT Wl JGALN
1/min Cm/min Gm., REMATS
4 100 - Be-TiQ, blend 12:1 used. Pe did not
melt
c 100 - Bec-TiOsblend 10:1 used. Few whiskers
formmed. B2 did not melt
2 100 - Fiberous grow:h. Be melted. Be-TiOp
blend 10:1 used
4 100 - No whiskers
z 100 - Very light growth
A 100 - Be-Ti0, blend 10:1.2 used. Very small
growth. Pre-oxidation.
2 100 - Be-TiO2 blend as mbove. Pre~uxidatio.
2 100 - Be-TiO2 blend as above. Fine fiber
growth.
2 100 - As above
2 100 - Be-TiOz blend 1:0.5 used. Preoxidation
of Be.
2 100 - Be-Tio2 blend 10:1.2 used. Very slight
growth.
2 100 - As above
‘ied 2 100 - As gbove
i1ed 2 100 - As sbove
“ded 2 100 - Ti0, layer over Be metal. Very slight

O

growth. Pre-oxidation of Be.



